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Abstract
In non-excitable cells, like exocrine cells from the pancreas and salivary glands, agonist- as measured by this protocol in parotid acinar cells was substantially greater than that initiated in pancreatic acinar cells. Indeed, robust Ca 2+ influx was observed in parotid acinar cells even at low, physiological concentrations of agonist. These data indicate that TIRFM is a useful tool
Introduction
Exocrine cells from the pancreas and salivary glands have long served as classical model systems to study agonist-stimulated Ca 2+ signaling events in non-excitable cells (1, 2, 25, 44) . In these cell-types, stimulation with Gαq-linked agonists results in the activation of phospholipase C and the production of inositol 1,4,5-trisphosphate (InsP 3 ), which subsequently triggers Ca 2+ release from intracellular stores via activation of inositol 1,4,5-trisphosphate receptors (InsP 3 R) (6) . Ca 2+ influx across the plasma membrane also accompanies agonist stimulation (5), although the mechanisms which underlie this event are much less well defined but have been reported to be as a consequence of store depletion (37) and mediated by a member of the TRP channel family (34) and/or as a result of the activation of a conductance regulated by arachadonic acid following agonist stimulation (26) .
Digital imaging of Ca 2+ sensitive fluorescent dyes has also established that these Ca 2+ signaling events have not only defined temporal, but also spatial characteristics, some of which are shared by the two cell types. For example, confocal and WFM have demonstrated that the initial Ca 2+ release events in both pancreas and parotid acinar cells occur in the extreme apical portion of the cell as a result of the almost exclusive expression of InsP 3 R immediately apposed to the luminal plasma membrane (17, 20, 27, 28, 30, 39, 47 (14) . These cell-type specific Ca 2+ signaling characteristics are consistent with the increased expression levels of InsP 3 R in parotid and the differing distribution in the two cell types of Ca 2+ clearance machinery, in particular, mitochondria (9, 14, 19, 35, 40) . Little however, is currently known regarding any distinct characteristics or contribution of Ca 2+ influx pathways in the two cell types. Nevertheless, the particular temporal and spatial aspects of the Ca 2+ signal in each cell-type are entirely consistent with the pivotal role of Ca 2+ in activating the specific effectors underlying the differing primary physiologic processes of each tissue, namely fluid secretion in parotid and exocytotic secretion from pancreatic acinar cells (25, 44) .
Given that both Ca 2+ release and Ca 2+ influx occur very close to, or at, the plasma membrane, a method to monitor Ca 2+ in this domain has potential to yield insight into these processes with high spatial resolution. Recently, an optical phenomenon termed total internal reflection has been successfully exploited to measure near membrane events (3, 33) , including exocytosis/endocytosis in neurons (7) and Ca 2+ entry through voltage-gated Ca 2+ channels expressed in Xenopus Oocytes (10, 11) . This technique is based on the fact that when light propagating in a dense medium meets a less dense medium, such as at a glass cover-slip and aqueous interface, that at a critical angle all the light is reflected and is termed Total Internal Reflection (TIR). A small fraction of the energy of the light propagates a few hundred nanometers into the aqueous media and the energy of this so-called "evanescent field" can be absorbed by any fluorophore present. The physical properties of this technique impart resolution in the z axis which is unparalleled, and not achievable with even techniques such as confocal microscopy.
In the present study we have utilized TIRFM in pancreatic and parotid acini to monitor 
Methods and Materials

Materials
Fluo-4-AM, Fluo-4-FF-AM, Rhod-2-AM, SYTO 16 and rhodamine dextran (100 kD) were purchased from Molecular Probes. Dulbecco's Modified Eagle Medium (DMEM) was purchased from Gibco. All other materials were obtained from Sigma Chemical Co.
Preparation of Pancreatic Acini
Mouse pancreatic acini were prepared essentially as described previously (43) . Briefly, following CO 2 asphyxiation and cervical dislocation, pancreata were removed from freely fed male NIH-Swiss mice (25 g ). The tissue was enzymatically digested with type-II collagenase in DMEM with 0.1% bovine serum albumin (BSA) and 1 mg/mL soybean trypsin inhibitor for 30 minutes followed by gentle tituration. Acini were then filtered through 100 µm nylon mesh, centrifuged at 75x g through 1% BSA in DMEM and resuspended in 1% BSA in DMEM.
Preparation of Parotid Acinar cells
Single cells or small clusters of parotid acinar cells were isolated from freshly dissected parotid glands from NIH Swiss mice (25 g ) by sequential digestion with (single cells) or without (cell clusters) trypsin followed by collagenase as previously described (12) . Following isolation, cells were re-suspended in 1 % BSA containing BME supplemented with 2 mM glutamine, 
Statistical Analysis
Data is presented as Mean +/-SEM. Experimental groups were compared using a non-paired students "t" test or Mann Whitney test.
Results
Establishing Conditions for Total Internal Reflection Microscopy
Initial experiments were performed to establish reproducible parameters which could be Figure   1A /B. As the incident angle of the laser beam was adjusted, cytoplasmic fluorescence was rapidly lost and at the point TIR was achieved, only small patches of fluorescence could be observed as shown in Figure 1C and overlay in Figure 1F . This fluorescence presumably represents points of adherence between the acinar cell plasma membrane and the cover-slip.
This contention was further strengthened by the observation that 568 nm TIRF excitation of rhodamine dextran in the extracellular medium resulted in fluorescence which was excluded from areas excited by 488 nm TIRF illumination of Fluo-4 as shown in Figure 1D and overlay in 1E. These data are consistent with the extracellular rhodamine dextran being in the bulk solution and thus largely excluded from areas of contact between the cell and cover-slip. The region of the acinar cell amenable to TIRF illumination did not substantially overlap with the basolateral volume of the cell containing the nucleus as demonstrated in Figure 1H which shows 568 nm TIRF illumination of a Rhod-2 loaded small acinus and subsequent 488 nm wide-field illumination of SYTO 16 nuclear stain ( Figure 1I and overlay in Figure 1J ). These experiments were repeated in 4 preparations of pancreatic acinar cells and 3 parotid acinar cell preparations. Taken together these data indicate that the TIRF illumination appears to exclusively excite intracellular dye in a limited region distal from the basal plasma membrane and encompassing the apical third of the acinar cell. Figure 2 for a small pancreatic acinus incubated with ionomycin and shows that the evoked fluorescence changes, unlike WFM occur within the specific region subjected to TIRFM and importantly that the area subjected to TIRFM does not markedly change/expand during the experiment.
Measurement of agonist-stimulated Ca
Agonist-stimulation of both pancreatic and parotid acinar cells results in stereotypical Ca 2+ signals with defined temporal and spatial characteristic properties which depend largely on the concentration of agonist (36, 42, 46 Figure 3A and B for parotid and pancreas acinar cells respectively, stimulation with 300 nM CCh resulted in Ca 2+ oscillations with characteristics very similar to those reported previously for WFM; typically stimulation resulted in repetitive sinusoidal oscillations which are generally thought of as primarily the result of repetitive Ca 2+ release and subsequent clearance. These transients were superimposed on an elevated baseline with a period between 4-12 cycles per minute (8, 46) . Given the Kd of Fluo-4 for Ca 2+ (~1 µM in situ, (38) ) this observation is unexpected if the sites of Ca 2+ release or influx are localized in close proximity to the volume of dye subjected to TIRFM, since the dye would be predicted to be saturated in close proximity to Ca 2+ channels. Thus, these data suggest, that under these conditions, the Ca 2+ signal is generated at a site distant from the area which can be monitored with TIRFM. To support this idea, and to confirm that TIRFM in acinar cells is capable of measuring localized Ca 2+ signals, acini were treated with ionomycin to allow the transport of Ca 2+ , presumably in a uniform manner across the plasma membrane.
As shown in Figure 3C, influx. Stimulation with supermaximal concentrations of CCh (10 µM) resulted in a rapid initial peak response followed by a plateau phase, which was maintained during agonist stimulation (Figure 4A and B; for parotid and pancreas respectively). This pattern of response appeared qualitatively similar to that reported for experiments using WFM, although the plateau phase, of the response, indicative of Ca 2+ influx appeared more substantial when compared to that previously reported in the literature (see (41, 45) and in addition Figure 5A and B for a comparison of WFM and TIRFM). These data suggest that TIRFM may provide a useful measurement of localized Ca 2+ influx under some conditions. Therefore, subsequent experiments were designed to investigate this more thoroughly by isolating Ca 2+ release and Ca 2+ influx. C, indicating that this dye was unlikely to be saturated under these conditions. When measured using TIRFM, as shown in Figure 6A , CPA treatment resulted in an initial increase in intracellular Ca 2+ of comparable magnitude to that reported for WFM (see Figure   8C for summary). Upon readmission of extracellular Ca 2+ , however, a substantial increase in At more physiological concentrations of agonist only minimal store depletion is thought to occur, nevertheless stimulation of exocrine cells is accompanied by significant Ca 2+ entry, especially in parotid acinar cells (26) . We therefore next investigated the extent of Ca 2+ influx
Measurement of isolated agonist-induced
as measured with the Ca 2+ readdition protocol with physiological concentrations of agonists.
As shown in Figure 6C, Figure 8A ; "t" test p>0.05 ). increase was markedly less (see Figure 8A ; "t" test P<0.01). Indeed, in contrast to parotid acinar cells, where the the signal appeared largely saturated, this was not the case in pancreatic acinar cells, since elevating external Ca 2+ from 1.28 to 10 mM resulted in a significant further increase in the signal, confirming that the indicator was not saturated as shown in Figure 7A . Similar conclusions could be reached with experiments in which the Ca 2+ stores were maximally depleted with CPA (30 µM). As shown in Figure 7B , while the initial Figure 8C for summary, "t" test, P<0.01).
Experiments were next performed stimulating pancreatic acinar cells with more physiological concentrations of agonist in absence and presence of extracellular Ca 2+ . As shown in Figure 7D , stimulation with 300 nM CCh resulted in the initiation of Ca 2+ oscillations which in absence of extracellular Ca 2+ were not maintained. Subsequent, re-addition of Ca 2+ to the extracellular media resulted in a modest increase in the Ca 2+ signal which in a similar fashion to maximal concentrations of agonist was significantly smaller in pancreatic acini when compared to acini prepared from parotid gland (2.3 + 2.9; (n=6) vs. 10.8 + 0.93; (n=15), ∆F units pancreas vs. parotid respectively; "t" test P<0.01 and see Figure 8B for summary). show is subjected to TIRFM (Figure 1 ) and that Ca 2+ release is known to occur preferentially in the extreme apical pole of the cell (17, 18, 27, 35, 39) . These data therefore reflects a limitation of this technique in cell types with complex three dimensional architectures since excitation of the probe by the evanescent wave only occurs at the plasma membrane-coverglass interface and thus only at areas of contact.
Possibly more surprising is that the characteristics of the Ca 2+ signal with TIRFM were largely similar to WFM considering the robust activity of Ca 2+ selective conductances known to be stimulated at these physiological concentrations of agonist (26) . Again, Fluo-4 would be expected to be largely saturated in the vicinity of uniformly distributed Ca 2+ influx channels.
Indeed this idea is supported by imaging of Ca 2+ ionophore-stimulated Ca 2+ elevations which reflect the uniform transport of Ca 2+ across the plasma membrane and appeared largely saturated ( Figure 3C ). One possible explanation for this observation is that Ca 2+ influx occurring at these physiological concentrations of agonist is not of sufficient magnitude to overcome local Ca 2+ buffering and clearance. Support for this idea is offered by reports in T lymphocytes that sequestration of Ca 2+ by mitochondria and pumping by PMCA can markedly influence the activity of CRAC channels (4, 16) . In support of this idea a subpopulation of mitochondria are localized to the plasma membrane in both parotid and pancreatic acinar cells (9, 31 ).
An alternative hypothesis to explain the apparent lack of influence of Ca 2+ influx on these measurements is the possibility that like Ca 2+ release, Ca 2+ influx stimulated at physiological concentrations of agonist does not occur uniformly across the plasma membrane. Localized influx could potentially occur by the local generation of messengers required to gate Ca 2+ influx or through localized channels mediating the Ca 2+ influx. Given the localization of InsP 3 R in exocrine acinar cells, a mechanism involving conformational coupling (5) of InsP 3 R to Ca 2+ influx channels primarily localized to the apical plasma membrane is attractive and would be consistent with the inability of TIRFM to measure substantial Ca 2+ influx under these conditions. It is tempting to speculate that the apparent differing magnitudes of Ca stores. The primary role of parotid gland acinar cells is to produce primary saliva which is accomplished in a Ca 2+ dependent manner by the activation of plasma membrane ion channels which are proposed to be spatially separated on the apical and basolateral aspects of the cell (25) . That Ca 2+ influx is required for optimal fluid secretion has long been known, since sustained ion channel activation and fluid secretion absolutely requires Ca 2+ influx in salivary glands (24, 29) . Furthermore, it has been shown that adenoviral overexpression of TRPC1, a candidate protein proposed to mediate store-depletion gated Ca 2+ influx in salivary glands results in markedly increased saliva production in mice (34 A, shows a representative trace from a Fluo-4 loaded (4 µM) parotid acinus using TIRFM stimulated with a supermaximal concentration of agonist. In B, a similar experiment is shown which was performed in pancreatic acinar cells. In each cell type, a rapid initial peak in the Ca 2+ signal was evoked followed by a substantial plateau which was maintained while the stimulus was present. A, shows a representative trace using TIRFM of a Fluo-4 loaded pancreatic acinus stimulated with a maximal concentration of agonist in the absence of extracellular Ca 2+ . In contrast to experiments performed with WFM (see Figure 6C ) subsequent readmission of 1.28 mM extracellular Ca 2+ resulted in a marked, rapid increase in the Ca 2+ signal. Increasing extracellular Ca 2+ to 10 mM, in contrast to experiments performed in parotid (see Figure 4A) resulted in a substantial further increase in the signal indicating that the dye was not saturated. readmission to the extracellular media was significantly larger when measured in parotid vs pancreatic acinar cells (non-paired "t" test P<0.01).
